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REACTIONS OF METASTABLE NITROGEN ATOMS™

Chorng-Lieh Lin+ and Frederick Kaufman
Department of Chemistry

University of Pittsburgh
Pittsburgh, Pa. 15213

Abstract

The line absorption technique was applied to the kinetic study

of the two metastable atomic nitrogen states N(22D) and N(22P) in & flowing
afterglow system. The optical absorptions of the NI 14934 (2p%?Dp - 382P)
and 1743h (2p32P - 3s2P) transitions were used for the quantitetive measure-
ment - of N(22D) and N(22P) concentrations. Deactivation of N(?D) and N(?P)
by the Pyrex tube wall was found to be &ery efficient Z.e. occurs at nearly
every collision. The second order rate constants at 300°K for the removal
of N(?D) by 0, N

0, €0,, NO, N,, Ar and He were found to be (6+2)x107'%,

2 2?2
(3.5+1.2)x10"12, (5+2)x10~13, (7+2.5)x10"1!, (1.6+0.7)x10™1%, (1+0.6)x10"'6
and s 1.6x10~16cm3sec™!, respectively. It was established that the process

for the first three reactant gases results in chemical reaction rather

than physical quenching.
I. Introduction

The recent rapid advances in the study of electronically excited
metastable "air" species have derived thelr impetus from experimental and
theoretical investigations of planetary atmospheres. But whereas there
has been a profusion of work on 0(lD and 1s) and 02(1Ag and 122), not

much information is available on the N-metastables, 22D0 and 2P0, although




the former is very probably the precursor of most of the NO in the earth's
mesospherefand"thermosphere.1 These two states lie 2.38 and 3.58zV above
the “S ground state and their substates 2Ds/p, “D3/2, 2Py/p, and ?P3/p

have radiative lifetimes of 40hr, 1l7hr, l2sec, and l2sec, respectivelya2
They are connected by strongly allowed transitions to a common upper. stats
gp23s P12 3/2, and thése,give rise to the multiplets near 1493 and 17434
which were used in the present study to measure the metastable denmeities in
absorption. Evidence for the presence of these species in the upper atmo=
sphere comes for airglow experiments in which spectral liﬁes at 5200&

(2200 - 2 480)3-6, 34664 (2 280 - 2 s0)%»7, 10,4008 (2200 - 2280)%,

14934 (32P - 22p0)8-10, and 1743A (32P - 22P0)10 yere observed. In their
study. of the nebular transition at 52002, Wallace and MbElrmyS and Hernandez
and Turtle3 suggested quenching rate constants of N(?D) by 0, of the order

2
of 10" 1%2cm3sec™!. 1In the laboratory, N-metastable, have been detected by

12=-14 15

mass spectrometry,ll optical spectrometry, and electron spin resonance,’

but the only quantitative kinetic study of N(2D) reactions or quenching

has been that by Black et al.l® who monitored the decay of the f-bands of

NO (B2m - X27) produced by the reaction of N(2D). with NQO'as earlier pro-

posed by Welge,!” following the vacuun ultraviolet photolysis of N,0.
In this work we measured directly the decay of N(2D) and N(2?P)

produced by microwave discharges in a flow system by line absorption of

the 14934 and 17434 transitions. Moreover, we also measured quantitatively

the appearance of O atoms produced directly or indirectly in reactions of

N(2D) with several oxygen-containing reactants, and have thus resolved

the question of whether physical quenching or éhemical reactions are

actually taking place. Our preliminary results!® concerning the reaction

of N(2D) with ©, have been used by Norton and Barthl® and by Strobel et al.20

2




in their model calculations of NO density profiles in the upper atmosphere,
These calculations are in good agreement with the rocket measurements of

Barth21@ and Meira2lb
II. EXPERIMENTAL

A. Apparatus:

The light source and flow absorption cell which is shown schemati~-
caliy in Figure 1 have.been described previously. To measure the concen-
trations of N(2D) and N(2P), the apparent 1493A doublet (actually a triplet
consisting of two close lines at 1492.62A and 1492.81& and one at 1494.674)
and the apparent 17432'doublet (A quartet, consisting of two pairs of un-
resolved lines at 1742.72k and 1742.73h and at 1745.25% and 1745.264) were
used as light sources which were excited in flowing He or Ar containing a
trace of N2 at a pressure of 1 Torr. Normally the strOnggr lines of both
doublets, Z.e. at 14924 and 17423, were used because they provide larger
absorption thanvthei: respective counterparts. The weaker lines ware .
used occasionally for checking the experimental data. Both doublets are
easily excited in the microwave discharge and have much greater intenslties
than the resonance triplet. Intensity ratios very close to the theoretical
value of 2 to 1 were usually obtained for the tw; lines of either doublet
indicating that the populations of N(?D) and (%P) in the source were not
large. He-N, light sources were used mainly, because the lines excited

2

by Ar—N2 discharges were found to be absorbed to a lesser extent than
those excited in flowing He-N2 at the same concentrations of N(2D) or (2P).

This is probably due to energy transfer processes such as

Ar(3Py,1,0) + N(“Sg) > Ar(1sg) + N~(2P2,%) + 0.86 to 1.03eV




occurring in Ar-N, sources. The excited N-atoms would then have 0.64 to

2
0.76eV excess kinetic energy and give rise to broadened emiseion lines, as
had been observed earlier in rare. gas-oxygen sources.Z? The-emission'liﬁ@s
traversed the absorption cell where they were partially absorbed by N(2D)

or N(ZPZ atoms, which were produced upstream by a microwave discharge in
flowing He or Ar containing a small amount of added Nz, and detected by a
vacuum monochromator (Jarrell-Ash, Fastie-Ebert, Q.S meter) .

9 02 and NZO were used without further
purification. 002 was prepared from dry ice by repeated pumping and cooling
to 77°K followed by sublimation while immersed in a dry ice-isopropanol bath.

Cylinder grades of He, Ar, N

NO was purified by slow passage over gsupported NaOH-at atmospheric pressure,
condensation at 77°K, and repeated sublimation.

In order to find absorption flow and discharge conditions which
would maximize N{2D) and»(zP) concentrations while maintaining the gas

temperature as reproducible as possible, the flow rate of N, and carrier

2
gas as well as discharge power were varied. Gas temperatures were measured
using either a mercury thermometer or thin bare iron-constantan thermo-
couples inserted in the tube at various distances from the discharge.

Under low power (<20W) discharge conditions which were emploved through-
out the experimental study of N(%D), the gas temperature decayved to

ambient room temperature within less than 15cm distance for all conditions
of He flow and for low pressure (<3.2 Tprr) Ar flow. All rate measure—
ments for N(éD) were thus made in the cooler zones of the absorption tube
Z.e. near 300°K except for some experiments employing high pressures

of Ar at about 310°K. For the studies of N(?P), higher power is re-

quired to produce adequate concentrations so that temperatures in the

reaction zone were typically about 400°K. The flow velocities at 10 Torr




pressure were about SOOQcm/sec for Ar and 5500cm/sec. for He.

Two methods were employed to séady the gquenching rates by various
gases; one by moving the discharge cavity along the tube to different
distances with respect to the fixed spectrometer position while measuring
the absérption of the 14923 and 17422 lines for each cavity position,
and the other by keeping the discharge at some fixed upstream position
while introducing varying amounts of reactant gas through a multiperforated
teflon loop inlet and measuring the decay of N(%D) and (%P) atoms as
function of added reactant concentration.

| The former method was used for estimating the quenching rates at
the tube wall and by carrier gases. The decay curves for the metastables
at various pressures, up to 15.9 Torr, were obtained by changing the flow
rates of Ar or He while maintaining a small constant N2 flow. Care was
taken to move the discharge cavity from one position to. another in such
a manner that its discharge parameters (cavity geometry and tuning)

remained unaltered. The quenching rate by N, was measured by wvarying the

2

flow rate of added N2 in a large constant flow of carrier gas and alter-

nately by adding variable amounts of N, through the teflon inlet. Since

2
the flow rgte of carrier gasr&as much greater than that of N2’ constant
pressure could be maintained.

Quenching rates by gases other than the carrier gas were measured
by introducing the reactant gases through the teflon inlet situated 10.6cm
upstream of the spectrometer window. The reaction zone is sorshort that
the viscous pressure drop was found to be negligible, <4%. Since the
loss of metastables by wall deactivation is nearly inversely proportional

to the total pressure, a relatively high pressure is needed to maintain &

workable metastable concentration with the present detection system. He




and Ar pressures from 6.8 Torr to 15 Torr containing 0.5% to 4.3% of
N2 were usually employed in the experimental measurements.
B. Metastable Concentration Measurement

The relation between the fractional absorptionm, Aa = (IcwI)/I05
and the optical depth, koz, for a single line in the Doppler-Doppler

approximation is given in Mitchell and Zemanski.?3

For an unresolved multiplet the relation becomes

“ w, "y v
{ = f C, exp [—c&%oz] exp ~(2 Ik e “9 d o, |
A =1= : (1)

where i, 1 = 1, 2 ....... serves as the index of the lines within the
multiplet, and all other symbols have been defined in Ref. 23 and in
our earlier paper?2 The constants C, are proportional to the emission
intensities and the denominator is m1/2 E c; o

For the three lines of the 22D0 - 32P transition, the sum rules
based on LS coupling require that the line intensities stand in the
ratio 9:1:5, that the corresponding absorption f-value are in the ratio
6:1:5, and the peak absorption coefficients, ko, are like 9:1:5. For
the unresolved NI 14924 doublet, the first two of the three lines, both
the absorption coefficents and intensities for the 1492.622 and 1492.814

1

lines therefore have ratios of 9:1 so that we may set k02 = §'kol and




and 02 = %~cl where subscripts 1 and 2 denote the 1492.624 and 1492.814
lines, respectively.

Aa‘was evaluated by computer as a function of koiz, the absorption
coefficient of the stronger. component, using G;=a,=v2 since the temperature
of the light source is approximately 600°K?2 and that of the absorber gas
is clearly 300°K.

Similarly, for the 22P% - 32P transition, the line intensities are
like 1:5:2:1, the f-values like 2:5:4:1, and the ko like 1:5:2:1 for the
four lines of increasing wavelength as given above. For the unresolved
NI 1742 doublet we set ko2 =~% ko1 and 02 = %501, and again a1=&2m%§s
where subscript 1 refers to the stronger line of the doublet, Z.e. 17&2,?33.
Since koz is proportional to the absorber concentration, the concentration

of N(?D) and (2P) corresponding to a certain value of koz can be calculated

if the f-value is known. For the 14924 line. The relation is

k
£y = 2.67 x 1011 ﬁ-ﬁ (2)
L
and for the 1742A line
kO
£y = 2-29 % 1011 T (3)
L

The radiative lifetime for the common upper state (3%P) of these two
transitions was measured by Lawrence and Savage?" using the phase shift
method- and the multiplet A coefficients given by them were based on the

branching ratio of the two multiplets given in the NBS tabulation.? The




NBS listing of f-values and A-coefficients for the multiplets was taken

from values given by Labuhn25 from his arc experiments. We did not

adopt Labuhn's value for .the calculation of the N(?D) and N(?P) con-

centration because his values are generally considered to be tco high

as shown from the comparison of his OI and NI resonance triplet data with

recent literature values.?2 It should also be pointed out that the NBS

f-values? for the 32P - 22D0 multiplet based on.Labuhn's measurements

do not obey the sum rule sufficiently closely, and that the wavelength

of the third line is 1492;81‘rather thanf1492.67z. The lifetime measure-

mentg?* leaa to absorption f-values of 0.078, 0.013, and 0.065 rather

than the listed? 0.12, 0.019, and 0.084. For the 3P - 22P0 multiplet,

f-values of 0.021, 0.053, 0.043, and 0.011 were adopted based on Ref. 24

rather than the listed 0.032, 0.082, 0.059, and 0.015. Because of the

small energy splitting in the 2D? state (9.2cm™!) and the negligible

splitting in the 2p0 gstate, the populations of their sub-states are pro-

portional to their statistical weight. Total concentrations of metastables

were obtained in- either of two'equivalent ways: From kol using Equation (2)

with‘f'LU = (0.078 and NL = 0.6[?D] (because of the 6:4 statistical welghts
10

of the J'=-§-and é'substates), or from the total k =k  + k =~=—1
2 2 0 o1 02 9 Tol

with an average f-value, E gLfiU/EgLf and/NL4= [2D]. The ko in the
subsequent text and figures is the total ko and should be used with the
average f-value (0.052 for the 2D doublet at 14923) and with the total
metastable concentration in Equation (2) or (3).

In normal experimental conditions with low discharge power, the
concentration of N(?D) in the absorption cell was less than 2.4x10'%cm™3

and that of N(?P) less than.4x10llcm=3. The ground state atomic nitrogen

concentration was estiméited to be of the order of 1 to 2x101%cm~3 by




titration of N .with NO. to the visual endpoint or to zero
absorption of the lZOOK'resonance'triplet.
C. The Flow Equations

As will be shown later, the decay of N(%°D) and N(2P) in flowing
Ar or He containing traces of N2 is mainly diffusion-controlled, 7Z.e. the
quenching rates by carrier gases and by N2 are negligible. in comparison
with that by the wall. If we assume that all N metastables are pro-
duced in the discharge and that there are two major mechanisms respon-
gible for the decay of metastable atoms, namely, the diffusion of meta-
stables, X*, to the wall and chemical reaction with reactant gas, YZ,

then the rate of change of metastables is given by

o pov2, -
U= D Vn - kNn (4)

where D is the diffusion coefficient of X* and assumed to be constant,
u 1is the flow velocity, x is the axial coordinate, n is the concentra=-
tion of X*, N is the concentration of the reactant gas YZ and k is the

total rate constant for quenching and/or chemical reaction

% kl
X" +YZ >~ X+ YZ

k.
x4z

Since transport along the axial direction by convection is much faster

than by diffusion, we need only consider radial diffusion. Equation (&)

then becomes

8 Sn
3 (rg—l;)—an {5)







Reynolds numbefs are less than 70 for He and less than 500 for Ar,
well beiow the onset of turbulence. Consequently, the velocity profile
can be expressed as

u(r) = 2 u, 1 -—— - (7

r 2
o]

Substituting in Equation (5), the.lowest mode solution?6-30 1o now

ngl 1+¢ <

n(x) = n_ exp {

where Ao = 2,710 and €5 = 0.237 as given by Cher and Hollingsworth.2’
This is in good agreement with the result obtained by Ferguson et al.2%8
with € = 0.230 whereas Huggins and Cohn2® and Farragher3? gave a some-
what hiéher value of 0.258. Equations. (8) and (6) are similar except
for the empiriéal constants associated with the diffusion and reaction
terms. Thus the diffusion céefficients,and rate constants obtained
based on Equation (6) have to be increased by factors of 1.58 and 1.62,

respectively, if the planar flow model (Equation 6) is used.
III. RESULTS

A. The Rate Constants
Typical decay curves of N(2D) at various pressures of inert
gas (s 43% of N, in Ar) are plotted in Figure 2 as koz ve. time., The

corresponding first order rate constants are listed in Table 1 as a

i1
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function of pressure. Similar data for N(2D) in He are listed in Table 2
and for N(2P) inATable 3. kI contains mainly two contributions, one from
the diffusion of the metastables to the wall followed by surface deacti-
vation and the other from volume deactivation by carrier gas. These
correspond to the two terms in the right hand side of Equation (6). At
low pressures, the decay will be governed entirely by diffusion and the
contribution from quenching by constituent gases will be negligible. Since
diffusional quenching is inversely proportional to and deactivation by
carrier gas is directly proportional to the pressure, a plot of kIP
against P2 should yield a straight line with its slope equal to the
second order quenching rate constant for carrier gas and its intercept
equal to the first order gate constant due to diffusion at unit pressure,
ki, which is equal to 2929 in Equation (6) where DO is the diffusion
coefficient at 1 Torr. °

kI P in Table 2 is nearly constant with an average value of
8000 sec™! Torr indicating that diffusional quenching is deminant and

that deactivation by He is negligible even at a pressure as high as

15.8 Torr. 1If we ascribe the decay of N(ZD) in He wholly to diffusional

. DyE
quenching, then ki He = 8000 sec~! = —%—§v= 16 Do’ since the radius
E4
: 0
of the tube is 0.6cm, giving a value of DOHe = 500 cm?/sec. Multiplying

by the correction factor of 1.58, DOHe becomes 790cm?/sec in good agree-
ment with the value of 700cm?/sec reported by Morgan and Schiff3! for

O in He. This means that surface deactivation is very efficient Z.e.
occurs at nearly every collision, If at most 10%7 of kI is due to

quenching by He, an upper limit of 1x10~!'6cm3/sec can be agsigned to

I1
kN(zD), He’




13

For the Ar case, the diffusion is about a factor of three slower
than in He and there is a slight increase of kIP with increasing pressure

in Table 1. Plots of kIP against P2 in Figure 3 yield values of

Ar . 2 IT - -16 3 -1 Ar .
Do X 270cm*/sec and kN(ZD), Ar - 1x107'°cm°sec™ . The DO value is

again close to the literature value of 209cm?/sec for atomic axygeno31

Similar treatment of the data for N(2P) in Table 3 results in

Ar . 2 2 11 ~ =16 a3 cge ]
D0 > 330cm®/sec for N(“P) and kN(ZP),Ar 7107 °em®sec™ !, a factor

of 7 higher than the N(2D) value.
To obtain the quenching rate constant of N(?D) by N,, a series
4

of experiments were done by varying the flow of N, in a very large flow

2
of He or Ar, typically at 14.7 Torr of He or 6.8 Torr of Ar as shown

in Figure 4. The first order rate constants are plotted in Figure 5

against the partical pressure of N,, P . The slopes in Figure 5 give

3
2 N2

a value of k§£2D>’N2 2 1.6x10-%cm¥sec™! when the laminar flow correction
is applied.

The introduction of reactant gases through the perforated
teflon inlet 10.6cm above absorption cell to react with metastable
atomic nitrogen produced 26cm (in some cases 19.5em or 32.5¢m) shove
the absorption cell was the primary means of obtaining rate coefficients
in this study. The slope of the decay curve plotted as log(koi) agalnst
added reactant gas concentration is equal to —kIIt/ZOB from which the
second order rate constant kII was obtained. The decays of N(?D) and

N(2P) were also measured with N. added through the inlet and vielded

2

values for iz T 2x107T¥em®/sec at 310°K and ki (2 * 6x10~ 14 em3/sec
(2D),N, (?P) N, - {

at 400°K, respectively. The former agrees well with that cbtained from

the earlier method by variations of N2 partial pressure in a large flow

of carrier gas. The latter is in contradiction with the conclusionsg of
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Noxon!® who reported a quenching rate constant of the order of 10~1%cm3/sec.
Figures (6), (7) and (8) show the decay of N(?D) in He and Ar with

added O0,, N_O and CO, and their corresponding rate constants are given in

2”72 2

the second column of Table 4, assuming the simple constant flow model of
Equation (6). Contrary to this prediction, the present data show some
discrepancy between the k's of He and Ar experiments, especially when the
rate constants are small.

The origin of this discrepancy is somewhat obscure, but it is
very likely due to an inlet effect. For the slow reactions, relatively
large quantities of added reactant gas are required to produce a signifi-
cant decrease in absorption. If, because of imperfect point or plane
source geometry, the radial diffusion of metastables to the wall is pre-
turbed, a small change in that loss term may be of the same magnitude as
the homogeneous loss term due to added gas. It does seem clear, moreover,
that in view of the short reaction length, the gross perturbation of the
laminar flow by the fairly large inlet tube, and the non-planar veactant
gas addition, the correction factor by which the slope of the log {kOR)
vs. added gas concentration is to be multiplied must be somewhere between
1.0 (constant velocity) and 1.62 (parabolic welocity profile). Arbitrarily,
a mean value of 1.3 has been adopted by which the average of the He and
Ar rate constants is multiplied and shown in Column 4 of Table 4. The
corresponding error limits have also been widened to take account of the
larger uncertainty. The full correction factor of 1.6 was used in the

»

last two rows of Table 4, because no gas addition was made through the

. ) IT X
inlet tube in the kHe and Ap SXperiments.

For the reaction of N(2D) with NO, the determination of the

rate constant was different from the previous reactions whose rate




constants are based on Equation (6), because of the presence of large
concentrations of ground state atomic nitrogen which also reacts with
NO with great speed. Therefore, there are two parallel reactions

responsible for removal of NO, namely

) k
N(2D) + NO i N2 + 0 {(R.1a)

ky
N(*S) + NO % N_+ 0 (R.1b)

The rate equation for the decay of N(2D) will now be

r

_ le_])._]_g‘kl[zn] [NO] + k_ [2D] (9
dt v

where [?D] is the concentration of N(4D). Integration of Equation (9)

from ¢t = 0 to t results in

OO ) R N [NO] dt + k_ & (10)
[*D]O 1 g W

where [ZD]o is the initial concentration of N(2D) and kw is the first
order rate constant of wall deactivation. In the present experiments,
t is known from the flow velocity, NO is varied Z.e. added to the
reaction tube at different flow rates, and the equation can be re-

written as

15




t
- n[?D] = kl j { [NO]o - x} dt + constant (11
o

where [NO]o is the initial NO concentration and x is the concentration
o t

of NO reacted. Plots of &n[?D] ws. { [vol  t - x d t} have a slope
‘0

of k,. Since [N(¥S)] >> [N(?D)], we can calculate x from the inte-

grated second order rate equation of the N(“S) + NO reaction,

1 b(a - x) .
a=->b in a(b - x) k2 t (12)

where a 4is the dinitial N(“S) concentration and b the initial con-

centration of added NO. a was measured by visual titration with NO
. Pt
and the integration of x dx was done by computer assuming k2 =
o

3x10-1lcm3sec™!, a rate conmstant which is well known and wae discussed
t

2 A typical plot of log kol against [f (NO) dt] is shown

previously.?
e

in Figure 9 and the rate constant is given in Table 4.

B. Reaction or Quenching?

The question of reaction or quenching for some of the reactions
studied is important in upper atmosphere chemical kinetics, especially
for N(2D) + 02, since the large NO concentration found in the upper
atmosphere may come from this reaction. Tgvglarify this question for

the reactions of N(2D) with 02, N. O, or CO29 we have detected the

2

reaction products quantitatively by monitoring the O-atom production

rate against reactant gas concentration. In each of the following three

16



processes the upper arrow represents physical quenching and the lower

arrow chemical reaction.

N(°D) + 0

N(%D) + co,

N(*8) + 0

NO + O

N
N2 + 0

N(*s) + N

2

N(¥s) + Co

NO + CO

N

+ 0

0

2

fo—

e—

ne O formed

two. 0 per N(2D)

no 0 formed

one O per N(2D)

no 0 formed

one O per N(%D)

In the case of N(°D) quenching, no O-atoms would be formed.

did occur, the N(%D) + O

2

(R2)

(RZ2a)

(R3)

(R3a)

(R4)

(Réa)

If reaction

reaction is capable of producing two O-atoms

17




for each N{(°D) because of the rapid NO + N(*S) + N, + O reaction, whereas

2

for the N(?D) + NZO or N(?D) + CO, reactions, one O-atom could be produced.

2
The O-atom production due to the reactions between ground-state N and the
reactant gases is known to be very slow at 300°K. This was confirmed by
measuring the O-atom production due to reaction with ground state N-atoms
alone. Here N("S) was produced by placing the microwave discharge 70cm
above the spectrometer window which assures the complete decay of meta~
stables before reactant addition.

To measure the O-atom concentration produced in the reactions,
the strongest line (13023) of the 0l resonance triplet was used as the
light source and was excited in the same way as in the measurements of the
0I f-value.?? Figure 10 shows the value of k ¢ for the 13024 line plotted

against the concentration of added O The apparent ko£ contains the

2°
absorption due to reactant gas itself as well as that due to O-atoms
produced from the reaction when the microwave discharge was placed 70cm
upstream, Z.e. due to the reaction involving ground state N-atoms alone.
These contributions were subtracted from the apparent koi and the residual
koi is regarded as entirely due to the absorption by O-atoms resulting
from the reaction of N(?D) and N(?P) with reactant gas. These corrected
kOQ were then converted to O-afom concentration and arve plotted in Figure

11 as function of O concentration. Similar data were plotted for N2O

and 002 additions. The N(?P) contribution to the O-atom production was

estimated from Equation (3) and absorption at 17423, and subtracted from
the total O-atom curves. The '"true" fractional O-atom yields, (dotted

curve) Z.e. [0] ‘/[N(ZD)]r

produced for large reactant addition,

eacted

were found to be 2.4, 1.3, and 1.05 for u,, N,O and COZ’ respectively,

2° 72

and agree reasonably well with the stoichiometric ratios 2,1, and 1




from the reaction schemes (R2 to 4). The slight excess of these ratios
above the theoretical value may be due to incorrect f-values for the
N(?D and 2P) lines or it may arise from concurrent reactions of species
such as vibrationally excited N2 molecules, NZ%, with added reactant.
Kretschmer and Petersen3? reported, for example, that at short times
after a N, discharge, when the N

2

the dissociation reaction N2+ + O2 -> N2 + 0 4+ 0 occurred. However,

with our discharge conditions of small N

9 vibrational temperature was high,

5 to carrier gas ratios, the

N2+ concentration should be small since no characteristic "pink glow"
was ever observed. The agreement of our measurements with the steichic-
metric values thus indicates that the three processes represent guanti-

tative reaction rather than quenching.
IV. DISCUSSION

It is an important assumption in the derivation of the flow
equations that the N-metastables are produced only in the discharge and
not in the afterglow. This is valid because firstly, the decay curves

in Figure 2, where traces of N, in various flows of carrier gas were

2

discharged showed a first order decrease along the tube, indicating

that there was no further source term after the discharge and the decay

curves in Figure 4, where the partial pressure of N2 was varied in a large

constant flow of carrier gas through the microwave discharge. also
showed the expected linear semilog plot of koz v8. time; secondly,

the emission at 12004 and 14922 coming from the afterglow in the
absorption cell was measured for various discharge to absorption cell
distances with the light source turned off. Weak emission was observed

at very small distances, dropping rapidly to zero as the distance was

19




20

increased. This may be taken as slight additional evidence that strong
source terms are absent in the afterglow.
It has been shown here that the decay of N(2D) in flowing after-

glows of He or Ar containing small amounts of N, is primarily due to

2
wall deactivation. The reason that N-metastables survive from the
discharge in large flows of inert gas with small flows of N23 but not
in pure nitrogen is that the quenching rate constants by He and Ar are
at least two orders of magnitude small than that by N2. This result is
in accord with the findings of Foner and Hudson!! whose mass spectrometri-
cally measured N(?D) and (2P) concentrations in a discharge of 1.8 Torr of
pure Nz were two orders of magnitude smaller than those from a discharge
in 2.2 Torr He with 0.016 Torr of N2' For the latter they reported con-
centration ratios of N(¥S): N(%D): N(2P) - 100:17:6 sampled 1 msec after
leaving the discharge as against our ratios of about 100:4.0:1.3 at similar
flow conditions, but at lower power.

The present rate constants were mainly obtained in experiments
in which reactant gases were introduced through a teflon loop inlet 15.5cm
below the discharge cavity. This distance corresponds to a flow time
of about 3 msec under normal experimental conditions. One must then
consider that, in addition to all of the species examined so far, electron-

ically excited states of N, and He (or Ar), most likely NZ(A3Zu+) and

2
He(3S) or Ar(3P), are probably also present in the immediate discharge
afterglow and may interfere with the kinetics. N2(A3Zu+) has been

studied by Dugan33 in an N_ discharge afterglow, and its concentration

2
sampled 9 msec downstream at a pressure of 7 Torr was reported to be
less than 2x10!'2cm™3. Deactivation by N(48) was found to be the major

deactivation process for which several investigators3"“ have reported




21

a rate constant of about 5x10~1lecm3/sec. With ground state N concen=-
trations of 1 to 2x10'%em™3 in the afterglow, the NZ—A state will be
destroyed within & few milliseconds.. Though there is recent évidemce®"¢
that this deactivation reaction produces N(%P), such a source term of
metastables is quite small if it is assumed that in the afterglow the
NZA—state is formed principally as the product of the chemiluminescent

recombination of N(4S) in the 1st positive system of N The second-

2"
order chemiluminescent rate constant is about 10~!7cm3sec™! which makes
this source term about 10l1lem™3sec™! compared with observed loss rates

of 1013 to 10l%cm3sec~!. He(3S) concentrations have been measured by
Huggins and Cahn?® under similar discharge flow conditions as ours (He

flow velocity 5x103cm/sec in 1 cm diameter tube) who found peak densities
close to the discharge cavity of less than 1.8x10!lem™3 at He pressures
between 1.5 and 20 Torr and the densities were found to decay exponentially
along the tube. He(3S) is known to have fast Penning ionization reactions 35
with Oé and N2 0,

*
the excited molecular ions 02+ which emit an intense bright yellow-green

flame owing to the excitation of both the first negative system of

(k, ~ 5%10"10 and kN2 ~ 1.4x10-10cm3/sec) resulting in

02+(b”2g- - a“Hu) and the second negative system of 02+(A2Hu > XZHg)
and an intense bright blue flame due to the first negative system of
N2+(B22: > x22;). No blue flame was ever observed in the afterglow

indicating that He(3s) concentrations are small. The possible reaction
of He(38) with 02 molecules was also checked by introducing 02 through
a teflon inlet 15.5cm below the discharge cavity into the reaction zone
in 15 Torr of pure He. Neither O-atom production nor a yellow green

flame was ever observed. In the case of Ar, because of the lower energy

of the Ar(3P) metastable state, we may expect a larger metastable
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concentrations, but, since the reactant gas concentrations are large,

the loss of reactant molecules can be neglected. The ground state N-
atom reactions with reactant gases studied are too slow to be important
except in tﬁe case of added NO where the reaction has been taken into
account in the derivation of the rate equation. Therefore, the appli-
féétion of Equation (6) to this study is, in general, justified. The
general agreement of our results with those of Black et al.!® who studied

the vacuum u.v. photolysis of N,_O in the presence of added gases (Column

2
5 of Table 4) is, for the most part, astonishingly good. For the three
important reactions with 02, NZO’ and 002, the agreement is well within
the error bars of the two ipvestigations. For N2 our rather imprecise
value for k is a little more than twice theirs whereas for NO, where
there is competition with the much gréater net rate of the N(“S) <+ NO
reaction, theirs is a little over a facﬁor two éreat;f than ours. Even in
those very difficult applications the5r§§e constant is well established

to within a factor of two. The three reactions of ground state atomic

have been found to'Bé‘very slow. Wilsen's®®

nitrogen with 02, N20 and 002

ESR result for k, = 2.4x107!le
2

agreement with Schofield's37 composite of old data, 2.5x10‘11exp(ﬁ?.8/R?}

(em3/sec) whiéh<ié in excellent

gives a rate constant of 5.3x10”17cm3/sec at 300°K. Kistiakowsky and
Volpi3® reported szo‘s 2x10716 at 553°K. ‘Héfron,énd Huie's3® mass spec-
trometric study of the CO, reaction gave kCOZ s,l.§§10“16 at 550°K. The
slowness of the last‘tWO reactions is‘ undoubtedly due té their fallure

to conserve spin. Thé substitution éf N(?D) for N("S) in the above reactions
thus increases the rate constants at 300°K by three to five orders of

magnitude, probably because it removes their spin forbiddenness and pro~

~Aides additional reaction channels due to their much greater exothermicities.
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Table 1. First order rate constants for N(2D) decay at

different pressures of Ar; T * 300°K.

P kI kI P
(Torr) (sec™1) (torr sec™!)
15.0 215 3225
13.9 224 3105
13.0 236 3060
12.0 251 3016
10.8 275 2870

9.5 318 3015

7.9 377 2975

5.8 495 2875

4.4 665 2925

3.4 805 2725




Table 2. First-order rate constants for N(?D) decay at

different pressures of He; T * 300°K

P K kP
(Torx) (sec™ 1) (Torr sec™!)
15.8 518 - 8200
13.3 578 7700
11.2 700 7850
10.1 815 8200

8.8 892 7850

6.8 1160 7900

5.1 1640 8350

Average 8000




Table 3 First order rate constants for N(?P) decay at different
pressures of Ar; T * 400°K.

P Kl kI
(Tory) (sec™ 1) (Torr sec™?!)
15.0 408 6120
13.0 433 5620
12.0 453 5430
10.8 462 4990

9.5 475 4500

7.9 513 4050

5.9 665 3920
A 805 3540

3.3 1050 3460




Table 4 Rate constants (cm3/sec) for reactions of N(%D)
with various gases

29

(Simple Planar Flow Model)

Reactant Diluent Gas Corrected
He Ar.

o, 4.5%10712 4,9x10™12 (6+2)x10-12
N,0 2.2x10°12 3.1x10™12 (3.5+1.2)x10"12
co, 2.6x10713 4.6x10"13 (5+2)x1013
NO 5.3#10‘1i (7+2.5)x107 11
N, ~1x10~1% ~1.5%10" 14 (1.6+0.7)x10" 14
Ar ~6x10"17 (1+0.6)x10"18

He < 1x10™16 < 1.6x10"16

Black et ql.l®

7x10712
3x10~12
6x10™13
1.8x10710
< 6x10™15
< 2x10716

< 2x10-16




Figure 1.

Figure 2.
Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

FIGURE CAPTIONS

Light source and absorption cell. A-absorption cell;
W - MgF2 windows.

Decay curves for N(?D) at various Ar pressures. T = 300°K.
kTP vs. P2 for N(2D) in Ar..

Decay curves for N(?D) at various partial pressures of Nz;

P.. = 14.7 Torr; T = 300°K.
He

k!l ve. P. 3 P. = 14.7 Torr; T = 300°K.
NZ He

Decay of N(2D) as function of added O, concentration;
(a) PHe = 14.8 Torr; t = 1l.85msec;

(b) PAr = 14.8 Torr; t = 1l.96msec.

Decay of N(?°D) as function of added N_O concentration;
(a) PHe = 14.6 Torr; t = 1l.80msec;

(b) PAr = 6.8 Torr; t = 2.25msec.
Decay of N(?D) as function of added CO
(a) PHe = 14,5 Torr; t = 1.80msec;

€] PAr = 12,8 Torr; t = 1.98msec.

9 concentration;

Decay of N(2D) as function of added NO concentration in-
tegrated over reaction time of 2.0msec; PAr = 12.8 Torr;
[N] = 1.27x101%cm3,

O-atom production in N(%D) + O, as function of added O
concentration; PAr = 13 Torr; "t =.2.02msec.

Corrected O-atom production and initial N(D) concentration.
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